A small molecule that was developed for blocking vascular endothelial growth factor receptor 2 (VEGFR2) has been tested and confirmed for its anti-angiogenic activity. Subsequently, it was modified into a water soluble salt form (JFD-WS) to increase bioavailability and distribution during in vivo pre-clinical testing. The present study was designed to further evaluate the anti-angiogenic and pro-apoptotic effects of JFD-WS in monotherapy as well as in combination with paclitaxel (Taxol) using a mouse xenograft model. The in vitro anti-angiogenic effects of JFD-WS were investigated using cell proliferation, migration, Matrigel tube formation and VEGFR2 phosphorylation assays. The anti-angiogenic effect of JFD-WS was further established using chorioallantoic membrane (CAM) assay followed by in vivo efficacy testing on GI-101A breast adenocarcinoma cells. Pharmacokinetic and toxicity studies were performed using BALB/c mice. Finally, the apoptotic signals were assessed in the control and experimental tumor samples, and the plasma mucin 1 (MUC1) levels were analyzed. In the in vitro tests, JFD-WS effectively inhibited HUVEC proliferation, migration, tube formation and VEGFR2 phosphorylation. Additionally, JFD-WS inhibited the formation of blood vessels in chick chorioallantoic membrane. While inhibiting the xenograft tumor growth in experimental mice, JFD-WS decreased the plasma MUC1 levels. The western blot analysis of apoptotic markers and fragmentation analysis of DNA confirmed the pro-apoptotic effects of JFD-WS. These results indicated that JFD-WS alone or in combination with paclitaxel exerted antitumor and proapoptotic effects in the breast cancer xenograft model due to an anti-angiogenic effect. These results strongly support the clinical translation of its use.
Introduction
The growth of solid tumors, as well as the metastasis of aggressive cancers, depend on angiogenesis and lymphangiogenesis that are triggered by chemical signals originating from the tumor cells during the phase of rapid growth (1) . Generally angiogenesis, the process of new blood vessel formation, is inactive in normal vasculature except during the wound healing process, where angiogenesis is transiently turned on in order to facilitate the healing of wound tissue. However, it plays a central role in regulating local tumor growth, invasion and distant metastasis of various cancers including breast cancers (2) . Among the known pro-angiogenic factors, the dominant regulator of normal and pathological angiogenesis is vascular endothelial growth factor (VEGF) and its receptors (VEGFRs). Activation of the VEGFR2 signaling pathway leads to phosphorylation of various downstream signal transduction proteins, including phosphoinositide 3-kinase and protein kinase B (PI3K-AKT), p38 mitogen-activated protein kinase (p38 MAPK), and extracellular signal-regulated kinase (ERK), to promote the pro-angiogenic effects, which include endothelial cell proliferation, migration and tube formation resulting in the creation of new vascular walls. Therefore, antagonizing VEGFR2 has become one of the common modes of cancer therapy for its role in inhibiting tumor growth and metastasis (3) . However, current cancer therapies are often discontinued due to considerable side-effects (4) . Therefore, it is necessary to search for new drugs that have the ability to attack specific tumor targets to arrest growth or sensitize cancer cells to cytotoxic chemotherapy to enhance therapeutic outcomes (4) .
In this context, a novel small molecule code named JFD was developed using molecular modeling (MODELLER 6v2) to specifically antagonize VEGFR2 (5) . The model was refined further by energy minimization using DISCOVER module of Insight II Accelrys Inc. (San Diego, CA, USA) (5) . The JFD original with poor water solubility was modified into a water soluble form (JFD-WS) to enhance the bioavailability. Prior to the development of JFD-WS, the parent compound JFD original was tested and confirmed for its anti-angiogenic activity using HUVEC Matrigel assay (5, 6) . Several in vitro studies have attempted to recreate the complex sequence of angiogenic events using HUVEC cells. Therefore, HUVECs are used as the cell based (in vitro) model to study abnormal and tumor-associated angiogenesis (7) . In addition to confirmation of the anti-angiogenic properties, both the JFD original and JFD-WS were shown to have antitumorigenic effects in a patient-derived xenograft (PDX) implanted animal model (6) . As seen with several anti-angiogenic drugs, JFD-WS produces significant control of cancer growth when used in combination with paclitaxel (Taxol). The cytotoxic compound paclitaxel is classified as a taxane, an anti-microtubule agent with a unique mechanism of action and potent cytotoxic activity against several tumor types, including ovarian, breast, lung and bladder (8, 9) . Taxol inhibits the cell cycle at the G2-M phase transition points and subsequently induces apoptosis of cancer cells (10) . The two most commonly described pathways of apoptosis are the death receptor-mediated (extrinsic) and the mitochondria-mediated (intrinsic) pathway. The extrinsic pathway is initiated by activation of death receptors of the tumor necrosis factor (TNF) superfamily that are expressed on the cell surface. The intrinsic pathway is typically initiated subsequent to chemotherapy treatment, growth factor withdrawal, hypoxia or via induction of tumor-suppressor genes (11) . Apart from evaluating the pro-apoptotic signals, we also assessed the tumor burden by measuring the levels of circulating tumor marker MUC1 (CA 15-3), a transmembrane glycoprotein of the mucin family, which is overexpressed in >90% of breast carcinomas (12) . Due to overexpression and its secretion into the blood circulation, MUC1 is considered as a tumor marker (13) .
Therefore, the main focus of the present study was to determine the anti-angiogenic and pro-apoptotic effects of JFD-WS alone and in combination with Taxol in GI-101A xenografts, a PDX breast cancer mouse model. In addition, the chronic toxicity of JFD-WS alone and in combination with Taxol was also studied. Taken together, our data suggest that JFD-WS could be further advanced towards the clinical translation of its use.
Materials and methods
Cell lines and reagents. For in vitro experiments, HUVECs were purchased from Lonza (Walkersville, MD, USA) and maintained in endothelial cell growth medium-2 (EGM-2) supplemented with BulletKit containing VEGF and all the required growth factors. Cells were incubated at 37̊C in a humidified incubator with 95% air, 5% CO 2 . For in vivo experiments, GI-101A human breast carcinoma cells derived at the Rumbaugh-Goodwin Institute for Cancer Research (Plantation, FL, USA) from a 57-year-old female patient with recurrent ductal adenocarcinoma (stage IIIa; T3N2MX) who had not previously received any chemotherapy or radiation therapy other than surgery were used in the present study (14) . GI-101A and MCF-7 cells were maintained in RPMI-1640 and Dulbecco's modified Eagle's medium (DMEM), respectively, supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1.5 g/l sodium bicarbonate and 1% penicillin/streptomycin. Cultures were incubated under the same aforementioned conditions. Only single-cell suspensions with >95% viability were used for injection into the experimental mice. The antibodies against p53 (9282; 1:1,000 rabbit polyclonal), Bcl-2 (D55G8; 1:1,000 rabbit monoclonal), Bax (D2E11; 1:1,000 rabbit monoclonal), APAF-1 (D7G4; 1:1,000 rabbit monoclonal), cytochrome c (D18C7; 1:1,000 rabbit monoclonal), PARP (46D11; 1:1,000 rabbit monoclonal), phospho-VEGFR2 (19A10; 1:1,000 rabbit monoclonal) and cleaved caspase-3 (9662; 1:1,000 rabbit polyclonal) were purchased from Cell Signaling Technology (Danvers, MA, USA). Sunitinib was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). All other chemicals used in this experiment were of research grade.
Cell proliferation assay. The proliferation of HUVECs was determined by bromodeoxyuridine (BrdU) labeling assay. Briefly, HUVECs were plated at 5x10 3 cells/well in 96-well plates and allowed to attach for 24 h in EGM-2 BulletKit (100 µl/well). Cells were exposed to different concentrations of JFD-WS (1-40 µM) and incubated in the presence of 1X BrdU for 24 h, and then assayed with BrdU Cell Proliferation kit (Cell Signaling Technology) following the manufacturer's instructions.
Cytotoxicity assay using MCF-7 and GI-101A cells. To further confirm the effect of JFD-WS on breast cancer cell lines, cytotoxicity on GI-101A and MCF-7 cells was assessed using trypan blue dye exclusion method. Briefly, the cells were treated with different concentrations of JFD-WS (1-100 µM) for 24 h. Then, the cell death was determined by calculating the relative percentage of live cells.
Cell migration assay. The effect of JFD-WS on cell migration was assessed using both Transwell and scratch assays. For Transwell migration assay, 6.5-mm Transwell inserts with an 8-µm polycarbonate membrane (Corning Inc., Corning, NY, USA) were used. The upper chamber of the Transwell contained HUVECs suspended with basal media exposed to different concentrations of JFD-WS. The lower chamber was filled with EGM-2 supplemented with 50 ng/ml VEGF-A as a chemoattractant. Then, the Transwell plates were incubated for 24 h to allow for migration of HUVECs across the porous membrane. Transwell filters were fixed in 70% ethanol and stained with crystal violet and examined under a Leica microscope (DMI3000 B; Leica Microsystems, Inc., Buffalo, Grove, IL, USA). Migratory cells were detached from the lower chamber and counted using Bio-Rad TC10™ automated cell counter. For the scratch assay, a confluent monolayer of HUVECs was grown on 24-well plates. A sterile 200-µl tip was used to scratch a straight line and fresh medium with corresponding concentrations of JFD-WS (0.1-10 µM) was added to the scratched monolayer. The drug concentrations used in this assay were determined based on the results obtained from the Transwell migration assay, in which we observed >70% inhibition at 10 µM. Therefore, 10 µM JFD-WS was used as a maximum concentration for the scratch assay. Images were captured using Leica microscope (DMI3000 B) at 12 h postscratch. The cell migratory effect of JFD-WS was calculated as the percentage of the cell migration after 12 h. Images were analyzed using ImageJ software (http://rsbweb.nih.gov/ij/ download. html).
Matrigel tube formation assay. The anti-angiogenesis ability of JFD-WS was evaluated using the Chemicon in vitro angiogenesis assay kit (ECM 625; Millipore, Billerica, MA, USA). Briefly, a 96-well plate was pre-incubated with EC-Matrigel at 37̊C for 1 h. Then, HUVECs (1x10 4 cells) suspended in the EGM-2 medium were seeded onto the Matrigel and treated with various concentrations of JFD-WS (0.05-10 µM). After a 6-h incubation at 37̊C, tube formation was assessed by counting the capillary tube branch points in 5 randomly selected fields for each well using Leica microscope (DMI3000 B). The capillary network formation was scored according to the method of Sridhar et al (5) . Sunitinib was used as a positive control.
Inhibition of growth factor-stimulated VEGFR2 phosphorylation in vitro. The ability of JFD-WS to inhibit VEGFR2 phosphorylation was determined using western blotting. HUVECs were treated with JFD-WS (2 µM) in the presence and absence of VEGF (50 ng/ml). After 24 h of treatment, the cells were lysed on ice; proteins were extracted and analyzed by western blotting. Protein sample extracted from sunitinib-treated cells was included as a positive control.
Phospho-VEGFR2 sandwich ELISA assay. Endogenous levels of phospho-VEGFR2 (Tyr1175) were determined using PathScan ® Phospho-VEGFR2 (Tyr1175) Sandwich ELISA kit (Cell Signaling Technology). Briefly, the protein samples were diluted to the equal concentration; 100 µl of each diluted cell lysate was added to the mouse anti-VEGFR2 antibody-coated microwells and allowed to incubate overnight. Then, the microwells were incubated with rabbit anti-pVEGFR2 (Y1175) detection antibody followed by horseradish peroxidase (HRP)-linked secondary antibody and then developed with 3,3',5,5'-tetramethylbenzidine (TMB) substrate. Absorbance was read at 450 nm after adding the stop solution, and the results were recorded using a VersaMax microplate reader (Molecular Devices, Sunnyvale, CA, USA). Sunitinib was used as a positive control.
Chorioallantoic membrane (CAM) angiogenesis assay. The CAM assay was performed according to the method described by Tamilarasan et al (15) . Fertilized chicken eggs were incubated in an automated digital egg incubator at 37̊C and 67% relative humidity (RH). On the fourth day, the incubated eggs were broken and gently plated on Petri dishes under sterile conditions. JFD-WS at 5 and 10 µM concentrations was added to a paper disc containing 50 ng/ml VEGF and incubated for 12 and 24 h. Images were captured using a digital camera (Canon PowerShot A810). Angiogenesis was quantified by counting the number of branching blood vessels.
Treatment with PDX-implanted athymic nude mice. Eightto 10-week-old in-house bred female athymic nude mice, weighing ~25 g, were used for tumor implantation. All animal care and experiments were performed in accordance with the guidelines and approval of the Institutional Animal Care and Use Committee (IACUC) of Nova Southeastern University. Briefly, 3.0x10 6 cells were subcutaneously injected into the right flank of athymic nude mice. The tumor-bearing mice were divided randomly into 4 groups: group I was the untreated control; group II was treated with JFD-WS (100 mg/kg); group III was treated with Taxol (10 mg/kg); and group IV was treated with the combination of JFD-WS (100 mg/kg) and Taxol (10 mg/kg). The experimental mice were treated once every 2 days for a period of 22 days. The tumor volume (V) was calculated according to the formula:
where L, is the length and W, is the width. All the animals in the control and experimental groups were sacrificed at the end of the treatment. Blood samples were collected and plasma was separated for MUC1 analysis. The tumor tissues from control and experimental animals were harvested for DNA isolation and protein extraction.
Plasma MUC1 levels. Enzyme-linked immunosorbent assay (ELISA) was used for measuring the levels of MUC1 following the manufacturer protocol (Sigma-Aldrich, St. Louis, MO, USA). Briefly, the plasma collected from the control and experimental animals was added to microwells coated with anti-MUC1 antibody and allowed to incubate for 2 h at 37̊C. Then, the microwells were incubated with rabbit anti-MUC1 detection antibody followed by HRP-conjugated secondary antibody. The color for the measurement was developed using TMB substrate. The absorbance was read at 450 nm after adding the stop solution, and the results were recorded using a microplate reader (Molecular Devices).
Western blot analysis. Tumor tissues (50 mg) were homogenized, and the tissue lysates were subjected to western blot analysis. Briefly, 25 µg of total protein was subjected to electrophoresis on 10-12% polyacrylamide gel, and then transferred onto a nitrocellulose membrane. After blocking with 5% non-fat dry milk solution, the membranes were probed with antibodies for p53, Bcl-2, Bax, APAF-1, PARP, cytochrome c and cleaved caspase-3 (1:1,000 dilution). The protein bands were visualized using the LumiGLO chemiluminescence substrate system (KPL Biosolutions, Milford, MA, USA) after incubation of the blotted membrane with HRP-conjugated secondary antibody (anti-rabbit A6154; 1:10,000; Sigma, St. Louis, MO, USA). As a loading control, membranes were stripped and reprobed with β-actin (A5441; 1:5,000 dilution; Sigma). The protein band intensity was quantified using ImageJ software (http://rsbweb. nih.gov/ij/download.html).
DNA fragmentation assay. DNA fragmentation was determined by gel electrophoresis. For this experiment, tumor tissue (~25 mg) was collected to extract DNA using DNeasy ® Blood and Tissue kit (Qiagen, Valencia, CA, USA). DNA extracts (50 ng) mixed with peqGreen were loaded onto a 1.5% agarose gel, and then electrophoresis was performed at 50 V for 2 h. The gel also contained a DNA ladder for comparing the sizes of the DNA fragments.
Evaluation of chronic toxicity with JFD-WS.
To test the potential toxicity of JFD-WS, 8-to 10-week-old in-house bred BALB/c mice (weight, 22-30 g) were used. All animals were maintained under sterile 12 h light-dark controlled conditions. They also had free access to autoclaved water and a conventional mouse diet throughout the experiment. The experimental animals were divided into 4 groups (6 in each group). The first group was the control that was not treated with any drug; the second group was injected with JFD-WS (100 mg/kg body weight); the third group was injected with Taxol (10 mg/kg body weight) and the fourth group was injected with JFD-WS (100 mg/kg body weight) and Taxol (10 mg/kg body weight). The injections were given intraperitoneally (i.p.) once every 2 days for the duration of 30 days. All the animals were monitored twice a day for harmful side-effects such as allergy or ulceration, anorexia, and other relevant symptoms. At the end of the treatment period, blood samples were collected for performing blood chemistry and hematological analysis.
Pharmacokinetic studies. All pharmacokinetic parameters were evaluated using BALB/c mice. Briefly, JFD-WS was dissolved in sterile water and given i.p. at a concentration of 100 mg/kg body weight. The plasma samples (100 µl) were collected at different time points (2.5-1,440 min) while 20 µl urine samples were collected at 15-1,440 min. Then, JFD-WS was extracted using simple liquid extraction procedure with HPLC grade acetonitrile (ACN). Final extracts were analyzed by reverse-phase high-performance liquid chromatography (Hitachi 2000, Monroe, GA, USA). The stationary phase consisted of Hitachi Lachrom C18 column (15 x 4.6 mm; 5 µm particle size), whereas the mobile phase consisted of 100% ACN.
Statistical analysis. The data presented in the present study represent mean ± standard deviation (SD) values from at least 4 independent experiments. Statistical analyses were performed using a one-way analysis of variance (ANOVA) and the differences between means were tested by unpaired Student's t-test using SPSS software (SPSS, Inc., Chicago, IL, USA). The value of P<0.05 was considered as statistically significant.
Results

Effect of JFD-WS on HUVEC proliferation and migration.
JFD-WS was designed to be easily dissolved in aqueous solutions. Its chemical structure is shown in Fig. 1 . We initially sought to confirm the inhibitory effects of JFD-WS on endothelial cell (EC) proliferation. As shown in Fig. 2A , the pro liferation of HUVECs stimulated by VEGF was significantly decreased after JFD-WS treatment at a concentration ranging from 5 to 40 µM. In contrast, trypan blue assay results exhibited significant dose-dependent cell viability reduction of MCF-7 and GI-101A cells with IC 50 values of 36.5 and 55.5 µM respectively, after a 24-h treatment with JFD-WS (Fig. 2B) . To further confirm the anti-angiogenic property of JFD-WS, we explored the effect of JFD-WS on the migration of HUVECs using Transwell migration assay. Our results showed that JFD-WS significantly inhibited the migration ability of HUVECs in a concentration-dependent manner (Fig. 3A) , which is well correlated with the fewer number of migrated JFD-WS-treated cells in the lower chamber (Fig. 3B) . After 24 h, ~90% of HUVECs were trapped in the upper compartment when treated with 40 µM JFD-WS as compared to the untreated cells, indicating a potential antimigratory effect of JFD-WS (Fig. 3A) . Similarly, JFD-WS exhibited consistent inhibitory effects on cell migration when assayed by scratch assay (Fig. 4A and B) .
Inhibition of HUVEC tube formation and VEGFR2 phosphorylation. Beyond endothelial cell proliferation and migration, angiogenesis is dependent on the ability of ECs to organize and form cellular networks. Therefore, the ability of JFD-WS to inhibit angiogenesis was evaluated using capillary tube formation assay. As shown in Fig. 5A , HUVECs were seeded on Matrigel and treated with increasing concentrations of JFD-WS. Untreated HUVECs formed capillary-like structures within 6 h. However, JFD-WS strongly inhibited the tube formation of HUVECs in a concentration-dependent manner (0.05-10 µM). Almost the maximum destruction of tube network was observed when HUVECs were incubated with JFD-WS at 10 µM. Then, we investigated the effects of JFD-WS on phospho-VEGFR2 protein expression. As shown in Fig. 5B , there was a significant reduction in VEGF-stimulated phospho-VEGFR2 levels in HUVECs treated with JFD-WS at a 2 µM concentration. In addition, the effect of JFD-WS on VEGF-induced tyrosine phosphorylation activity of VEGFR2 was measured using PathScan Sandwich ELISA kit. Results in Fig. 5C , show that the phosphorylation activity of VEGFR2 was increased by the exogenously added VEGF. However, the VEGF-induced phosphorylation activity of VEGFR2 was significantly attenuated in cells treated with JFD-WS.
Effects of JFD-WS on angiogenesis using CAM.
To confirm the anti-angiogenic effects of JFD-WS, CAM assay was performed with 5 and 10 µM concentrations of JFD-WS. The number of blood vessels formed in the chorioallantoic membrane was significantly suppressed in both 5 and 10 µM JFD-WS treated groups as compared with the controls (Fig. 6A) . The number of newly formed vessels was suppressed by ~40% (P<0.01) and 70% (P<0.001) after 12 and 24 h treatment of 5 µM JFD-WS, respectively. However, the inhibition of blood vessel formation by JFD-WS was significantly higher at 10 µM after 12 h (70%; P<0.001) and 24 h (94%; P<0.001) compared to lower concentrations (Fig. 6B) .
Antitumor efficacy of JFD-WS in a GI-101A breast xenograft mouse model. The effect of JFD-WS on growth and metastasis of breast cancer was examined using immunocompromised nude mice implanted with GI-101A breast xenografts. To assess the effectiveness of JFD-WS, tumor volume and body weight of tumor-bearing animals were observed every 3 days until the end of the experiment. Mice implanted with GI-101A tumors showed 40 and 50% suppression of tumor growth after treatment with 100 mg/kg JFD-WS and 10 mg/kg Taxol, respectively, for 22 days (Fig. 7A-E) . The doses of JFD-WS used in the present study were based on our initial experiments in which, we used 50 mg/kg body weight (data not shown) and 100 mg/kg body weight JFD-WS. However, better pharmacological ( Fig. 7A-E ) effects were observed in animals treated with 100 mg/kg body weight JFD-WS. Notably, the inhibitory effect of JFD-WS monotherapy was comparable to Taxol at the specified dose with no signs of toxicity. In contrast, 100 mg/kg dose of Taxol produced >50% mortality in the experimental groups (data not shown). However, JFD-WS combination with Taxol treatment caused 85% suppression of tumor growth ( Fig. 7D and E) confirming the additive effects of JFD-WS with no observed toxicity symptoms. Thus, JFD-WS combination with Taxol was well-tolerated, and there were no significant changes in food intake or body weight during the experimental period (Fig. 7F) .
Effect of JFD-WS on plasma MUC1 levels.
Since MUC1 is currently used as a marker of responsive therapy and as a prognostic indicator for survival, the effect of JFD-WS on the plasma levels of MUC1 in control mice with no tumor burden and tumorbearing mice with and without treatment were analyzed using ELISA. As shown in Fig. 8 , the level of MUC1 in tumor-bearing animals was nearly 80% higher when compared to the control animals. However, the level of MUC1 in JFD-WS and Taxoltreated animals showed 50 and 60% decrease respectively, after 22 days of treatment. Notably, an additional 9% decrease was observed when JFD-WS was treated in combination with Taxol. The effect of the combination treatment was found to be higher than the individual drug treatments.
JFD-WS increases p53 protein expression.
To determine whether induction of apoptosis is preceded by activation of the (Fig. 9A ) was observed in JFD-WS-treated tumors, nearing ~10-fold increase, while the p53 protein level in the combination treatment group was nearly 11-fold as compared with the control tumors (untreated). These results indicate that in addition to the anti-angiogenic effect, JFD-WS has the ability to induce apoptosis. The results also suggest that the induction of apoptosis in the xenografts may occur through induction of the intrinsic pathway consequent to the activation of p53-dependent pathways.
Effects of JFD-WS on Bcl-2 and Bax protein expression levels.
Alteration in the levels of both Bcl-2 and Bax proteins have been shown to be associated with the anti-and pro-apoptotic functions, respectively. We explored the impact of JFD-WS treatment on the expression of Bcl-2 and Bax. As shown in Fig. 9A , JFD-WS monotherapy and also the combination treatment decreased the Bcl-2 protein level significantly as compared to the levels of the control group. In addition, the expression level of Bax was increased by 4-fold in the group treated with JFD-WS alone. Likewise, in the JFD-WS/Taxol combination group, Bax level was increased by 5-fold as compared to the control.
Cytochrome c release and expression of APAF-1. The release of cytochrome c from mitochondria is critical for the initiation of APAF-1 mediated caspase activation which is shown to subsequently induce apoptosis in a multitude of experimental models. Therefore, we assessed the induction of cytochrome c release from mitochondria and the expression of APAF-1 in JFD-WS-treated and untreated groups. However, the increase in the cytochrome c level observed in the combination treatment group was only slightly higher when compared to treatment with JFD-WS alone. In consistent with these intracellular alterations, the immunoblotting analysis revealed a markedly increase in the expression of APAF-1 in both JFD-WS and combination treated groups as compared with the control (Fig. 9A) .
Activation of caspase-3, PARP cleavage, and DNA fragmentation. Accumulated evidence from the literature indicates that caspases play a pivotal role in the terminal, execution phase of apoptosis (17) . It is known that the activated caspase-3 receives apoptotic signals from mitochondria and transmits to PARP to act at the DNA level. To ascertain whether caspase-3 and PARP are involved in JFD-WS-induced cell death, the expression levels of active caspase-3 and PARP cleavage were examined. As shown in Fig. 9A , JFD-WS treatment alone was able to cause a significant increase in cleaved caspase-3 levels in the xenograft tumor leading to cleavage of PARP (Fig. 9A) , which further evidenced the induction of apoptosis in the xenograft tumors subsequent to the anti-angiogenic effects elicited by JFD-WS. To confirm the final execution of apoptosis, the genomic DNA was isolated from tumors of the control and treated animals to determine DNA fragmentation. Electrophoretic separation of the genomic DNA revealed the fragmentation of DNA in the xenograft tumor tissues treated with JFD-WS as well as the JFD-WS + Taxol combination (Fig. 9B) .
Safety profile of JFD-WS.
Treatment of BALB/c mice with JFD-WS for 30 days did not cause any adverse effects as revealed by the analysis of pathological and hematological parameters. Furthermore, no abnormal clinical signs or behavior were detected in either of the groups. Hematological observations of all treated mice, including total blood count, red blood cells (RBC), white blood cells (WBC), neutrophils, monocytes, lymphocytes, platelet counts and hemoglobin levels were within normal limits as the control group. There were no significant differences noted between control and treated groups for the hematological parameters measured (Table I) . Conversely, it can be interpreted that the injection of JFD-WS at a dose of 100 mg/kg neither showed significant changes in serum biochemical parameters such as albumin, total protein, globulin, urea, sodium and creatinine levels when compared to control group nor revealed an abnormality in the functions of the vital organs (Table II) . However, significant difference in the total bilirubin was observed in the Taxol and JFD + Taxol combination groups when compared with the control (Table II) . Consistent with biomarker analyses, there were no observable changes in body weight, food intake, behavior and lethargy and gastrointestinal toxicity, in the combination treatment.
Pharmacokinetics of JFD-WS in mice.
As mentioned previously, original JFD was modified into JFD-WS to increase its bioavailability. To test this, we investigated the pharmacokinetic (PK) profile of JFD-WS in BALB/c mice (Table III) . The plasma profile was established by measuring the plasma concentrations of JFD-WS at different time points after i.p. administration of the drugs at the dose of 100 mg/kg body weight (Fig. 10A) . JFD-WS reached a maximum plasma concentration after 15 min of i.p administration when compared to oral administration (data not shown). Since JFD-WS is highly water soluble, urine elimination was expected to be the major route of elimination. As expected, JFD-WS reached maximum urine elimination after 30 min of i.p. injection (Fig. 10B) . Following i.p. injection, JFD-WS is largely distributed in extravascular regions as indicated by its volume of distribution. The results of PK studies confirm that i.p. administration allows for quick distribution of JFD-WS to tumor sites while high clearance rate could contribute to the lower toxicity of this compound.
Discussion
Overexpression and aberrant activation of receptor tyrosine kinases (RTKs) such as EGFR and VEGFR are associated with increased proliferation rates, angiogenesis and metastasis and reduced apoptosis (18) . Our group has been engaged in the design, screening and testing for novel VEGFR2 inhibitors such as JFD (5,6). This molecule belongs to a class of organic compound which is analogous to the purine moiety (7-[2-hydroxy-3-(4-methoxyanilino)propyl]-1,3-dimethyl-3,7-dihydro-1H-purine-2,6-dione). The original form of JFD was modified to its water soluble form to increase bioavailability while preserving its pharmacological activities. Various studies directed towards the development of anti-angiogenic agents have used HUVECs as the cell based model to study physiological and pathological processes of angiogenesis (7). In addition, it provides an optimal model system for the study of the regulation of endothelial cells and their response to antiangiogenic molecules (7). Recent results from our laboratory confirm the anti-angiogenic activity of JFD-WS by decreasing the level of VEGFR2 phosphorylation in human endothelial Figure 8 . Concentrations of circulating MUC1 in the plasma of control and experimental groups. The plasma MUC1 level was measured after treatment with JFD-WS, Taxol and JFD-WS + Taxol combination using ELISA kit. Tumor burden animals showed a significant elevation in plasma MUC1 levels when compared to the control (no tumor burden). In contrast, animals treated with JFD-WS, Taxol and combination showed a significant decrease in the levels of MUC-1 when compared to the tumor-bearing animals ( *** P≤0.005). cells, through specific binding to VEGFR2 (19) . As a result of VEGFR2 antagonism, JFD-WS specifically inhibits angiogenesis and some of the related events that include endothelial cell proliferation, migration, survival and vascular network formation (16) . Conversely, when we extended these analyses to the in vivo systems, our results showed that new blood vessel formation on the CAM was significantly inhibited by JFD-WS even at sub-lethal concentrations, providing critical evidence to the ability of JFD-WS to inhibit angiogenesis.
Since many of the anti-angiogenic agents produce cytostatic effects (20), we evaluated the effects of JFD-WS alone and also in combination with Taxol on GI-101A xenograft tumor implanted athymic nude mice. As outlined in the results section, beside the anti-angiogenic effect in vitro, JFD-WS also exerted cytoreductive activity on GI-101A xenograft implanted animals which were confirmed by the reduction in tumor volume (Fig. 7E) . The mechanism of action of JFD-WS is similar to various anti-angiogenic inhibitors, which are known to inhibit tumor growth by blocking angiogenesis in the xenograft tumors (19) . Inhibition of tumor growth under in vivo condition can be attributed primarily to the antiangiogenenic activity of JFD-WS. However, JFD-WS shows direct antiproliferative effects also on MCF-7 and GI-101A cells. Therefore, we are suspecting that combination of both these effects may contribute to the tumor-suppressing ability of JFD-WS. Induction of apoptosis is a therapeutic approach that is primarily intended to impede rapid tumor growth. With this purpose in the forefront, some of the earlier studies have shown that several VEGFR2 inhibitors including sorafenib can induce apoptosis in the HUVECs (21) . However, in our experiments, subsequent to the onset of anti-angiogenic effect by JFD-WS, there appears to be the induction of apoptosis in the PDX tumors, which was confirmed by DNA fragmentation. Treatment with JFD-WS, both as a single agent and also in combination with Taxol, increased the expression of tumor suppressor protein p53 in the xenograft tumors with a subsequent increase in the pro-apoptotic protein Bax. The increase in Bax levels was accompanied by significant decrease in the levels of the anti-apoptotic protein Bcl-2. In addition to the increase in the expression of Bax protein levels, a significant increase in the level of APAF-1 with a concomitant increase in the cytochrome c level was observed in the tumor samples of JFD-WS-treated animals as compared to the untreated controls, evidencing the activation of the apoptotic pathway. In response to activation of apoptotic signals, cytochrome c is released from mitochondria to the cytosol, and it eventually binds to APAF-1 to form a procaspase-9 activating heptameric protein known as apoptosomes. Such apoptosomes are required for the activation of caspase-9 through autocatalysis, which subsequently generates the caspase-3 from procaspase-3 (22) . Activation of caspase-3 eventually triggers the caspase-activated DNase, which enters the nucleus and causes DNA cleavage that was clearly evidenced from the present study (Fig. 9A) . Subsequently, the active caspase-3 cleaves the downstream substrate PARP which is responsible for the morphological and biochemical changes that constitute the final stages of apoptosis (23, 24) . PARP cleavage, which is indicated by the generation of an 85-kDa fragment, has been reported to disable/prevent the DNA repair process which eventually leads to cell death (25) .
Several studies have shown active cell death due to apoptosis following anti-angiogenic therapy. However, the actual cause of apoptotic cell death subsequent to anti-angiogenic therapy remains as an area with the limited amount of knowledge and understanding. Although, several possibilities can be considered including direct effects coming from anti-angiogenic agents, inhibition of VEGFR2 phosphorylation by a small molecule is reported to induce apoptosis by inhibiting the PI3K/AKT pathway (26) . In addition, decreased phosphorylation of AKT was shown to increase the p53 expression level and trigger the intrinsic pathway of apoptosis (25) . Experimental evidence also suggests that p53 can negatively regulate VEGF expression and may decrease angiogenesis and vessel permeability, thereby inducing and sustaining the dormancy of the experimental tumors in micrometastasis stages by elevating the incidence of apoptosis in tumor cells (27, 28) . Results observed in the present study with increased expression of p53 (Fig. 9A) following drug treatment tilting the balance towards apoptosis, is in agreement with the study from Fontanini et al (29) who showed the similar influence of the p53 tumor-suppressor gene in non-small-cell lung carcinoma (NSCLC). Inhibition of VEGF/VEGFR2 with an increase in the active caspase-9 and caspase-3-mediated apoptosis in haemangioma-derived endothelial cells (HaemEC) has been previously reported (30) . The decreased expression of antiapoptotic protein Bcl-2 seen in the tumor tissues ( Fig. 9A ) with the concomitant increase in Bax level can easily shift the balance towards programmed cell death. Our results are similar to the inhibition of Bcl-2 by small molecules or antisense oligonucleotides that led to multiple effects on the tumor, including strong anti-angiogenic effect as well as restoration of sensitivity to antineoplastic agents and thereby inducing apoptosis (31) . Substantial alteration in the expression level of anti-apoptotic protein Bcl-2 in JFD-WS treated mice that coincided with the decreased tumor volume, is unique and confirms the ability for JFD-WS to induce cancer cell death through multiple mechanisms.
Typically anti-angiogenic action of VEGFR2 inhibitors has been shown to induce apoptotic cell death of endothelial cells (ECs) that are part of the tumor vasculature (18) . The apoptotic cell death of the ECs was primarily responsible for the reduced density of the tumor and regression of tumor growth. However, the present study shows significant initiation of pro-apoptotic signals in JFD-WS-treated tumor xenografts. In addition, both the JFD-WS and Taxol as monotherapy and in combination showed a significant reduction in the plasma level of tumor biomarker MUC1 further indicating the reduction in the tumor burden of the experimental animals subsequent to JFD-WS treatments.
Preliminary pharmacokinetic studies in mice confirm that JFD-WS is largely distributed to extravascular regions within a shorter duration of time after i.p injection, which enables JFD-WS to control tumor growth. However, being target selective, high urine clearance rate of JDF-WS contributed to the lower toxicity of this compound. In addition, hematological and serum biochemistry analysis of the mice treated with JFD-WS revealed no pathological changes. However, some of the VEGFR2 inhibitors that are already in clinical use have been found to inflict significant toxicities in the gastrointestinal tract and liver after single doses of treatment (21) . Although, the effective dose of JFD-WS required for inhibition of tumor growth is slightly higher, the excellent safety profile of JFD-WS indicates that it has the potential to be a safer and effective anti-angiogenic drug. In conclusion, our anti-angiogenic drug JFD-WS, whether used as a single agent or in combination with Taxol produced strong antitumor effects by inducing apoptosis of cancer cells in GI-101A breast xenograft tumor implanted athymic nude mice. Elevating p53 levels and inducing apoptosis is a unique property, and typically not seen with other anti-angiogenic drugs. Therefore, our JFD-WS may be one of its type of anti-angiogenic inhibitors with dual abilities.
